Objective-To determine if better cognitive functioning at midlife among more physically fit individuals reflects "neuroprotection," in which fitness protects against age-related cognitive decline, or "neuroselection," in which children with higher cognitive functioning select into more active lifestyles.
INTRODUCTION
Higher levels of physical fitness are associated with fewer medical comorbidities, reduced risk for cardiovascular disease, and greater functional capacity. [1] [2] [3] [4] In addition, there is growing evidence that physical fitness is also associated with better cognitive functioning and lower risk of dementia. [5] [6] [7] [8] [9] New evidence from a longitudinal studyhas emerged showing a prospective association between physical fitness in young adulthood and later cognitive function in midlife. 10 This finding suggested the possibility that young-adult physical activity can have neuroprotective effects that are manifest already by the middle of the life course. The implication is that an active lifestyle during young adulthood could be a prevention strategy to delay or postpone age-related cognitive decline. 11 Parallel to research showing that physical fitness predicts better cognitive functioning, longitudinal studies that follow children into adulthood find that better cognitive functioning in childhood predicts better physical and brain health outcomes in older adults. [12] [13] [14] [15] [16] These findings suggest the possibility that better cognitive functioning in childhood could contribute to higher levels of physical fitness in adulthood. If such "neuroselection" contributes to the correlation between fitness and midlife cognitive function, there is a need to identify mechanisms through which childhood differences in cognitive functioning give rise to fitness disparities later in life.
To advance the science on how physical fitness is related to midlife cognitive functioning, studies are needed that can test neuroprotection and neuroselection hypotheses within a single sample. Data must include measurements of cognitive functioning in midlife, but also in childhood, before adult fitness levels are achieved. Childhood-baseline measurements are necessary to distinguish cognitive benefits of fitness from differences in cognitive functioning that may precede adult fitness attainments.
We examined the relationship between fitness and cognitive functioning in a 4-decade longitudinal study of a single birth cohort. Cohort members completed the same cognitive test battery as children and again when they reached midlife, and also completed cycle ergometry testing to estimate their cardiorespiratory fitness. We tested whether more-fit individuals performed better on a battery of midlife cognitive tests as compared to their lessfit peers (previously interpreted as neuroprotection), and also if children with better cognitive functioning were predisposed to better adult fitness (which we call neuroselection to reflect the non-random patterning of fitness across the cognitive ability distribution). Finally, we examined potential mechanisms that might account for any association between childhood cognition and cardiorespiratory fitness at midlife. We considered two possibilities. The first is that socioeconomic and health advantages might help children develop better cognitive abilities and subsequently, better cardiorespiratory fitness. The second is that children with better cognitive abilities go on to live healthier lives, and that such lifestyle differences mediate the relationship between childhood intelligence and adult fitness.
METHODS

Sample
Participants are members of the Dunedin Multidisciplinary Health and Development Study, a longitudinal investigation of health and behavior in a complete birth cohort. Study members (N=1,037; 91% of eligible births; 52% male) were all individuals born between April 1972 and March 1973 in Dunedin, New Zealand, who were eligible for the longitudinal study based on residence in the province at age 3 and who participated in the first follow-up assessment at age 3. A review of hospital records indicated that the 102 eligible children who did not participate did not differ significantly from the 1,037 participating children in their maternal prenatal complications, their birth weights, their neonatal complications, or the socioeconomic status of their families. The cohort represents the full range of socioeconomic status in the general population of New Zealand's South Island and is primarily white. 17 On adult health, the cohort matches the NZ National Health & Nutrition Survey (e.g., BMI, smoking, GP visits). 18 Assessments were carried out at birth and at ages 3, 5, 7, 9, 11, 13, 15, 18, 21, 26, 32 , and, most recently, 38 years, when 95% of the 1,007 Study members still alive took part. At each assessment wave, study members are brought to the Dunedin Research Unit for a full day of interviews and examinations. The Otago Ethics Committee approved each phase of the study and informed consent was obtained from all study members.
Measures
Cardiorespiratory Fitness-We estimated maximum oxygen-consumption-adjusted-forbody-weight (in milliliters-per-minute-per-kilogram, "VO 2 Max") from measured heart rate in response to a submaximal exercise test on a friction-braked cycle ergometer according standard protocols. 19 Details on fitness testing are provided in Table 1 .
Cognitive Testing-The Dunedin Study conducted cognitive testing in childhood (when Study members were aged 7, 9, 11, and 13 years, averaged to produce childhood cognitive test performance measures) and at the midlife follow-up at age 38 years. We focused our analysis on the intelligence quotient (IQ), a highly reliable measure of general intellectual functioning that captures overall ability across a variety of cognitive functions. 20, 21 We also examined performance on IQ subscales and performance on measures testing memory, executive functioning, and motor functioning. 22, 23 The Study conducted a parallel battery of cognitive testing in childhood and adulthood (see Table 1 ).
Additional Measures-Measurements of childhood socioeconomic status, childhood health (a composite including repeated measures of adiposity, blood pressure, lung function, motor function, and diseases and injuries taken when Study members were aged 3-11 years), adult physical activity, obesity, smoking, and educational attainment are described in Table 1 . [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] 
Analysis
Analyses included n=944 cohort members with cardiorespiratory fitness data. As compared to participants at age 38, Study members who did not participate (including 30 who were deceased) had scored 6.6 IQ points lower on childhood IQ (p<0.001).
To test for a cross-sectional association that could be consistent with a neuroprotective effect of cardiorespiratory fitness, we used linear regression to test whether individuals with good cardiorespiratory fitness performed better on midlife cognitive testing as compared to peers with poor cardiorespiratory fitness.
To test "neuroselection" of children with better cognitive function into healthier lives, we used linear regression to test whether children with better cognitive functioning grew up to have better cardiorespiratory fitness as compared to peers with poorer cognitive functioning.
To test neuroprotection effects after accounting for any neuroselection into better fitness, we regressed the adult cognitive test score on adult cardiorespiratory fitness with adjustment for the childhood score on the same cognitive test. If the effect of fitness on adult cognitive test performance were reduced and no longer statistically significant after adjusting for childhood cognitive test performance, it would suggest that fitness-associated differences in cognitive function were already present from childhood.
To test whether neuroselection effects could be explained by differences in children's lives leading up to childhood cognitive testing, we re-estimated regression models testing neuroselection, this time adding childhood socioeconomic status and childhood health measures as antecedent covariates. If covariate adjustment attenuated the neuroselection effect, it would suggest that neuroselection effects were attributable to these childhood factors.
To test whether neuroselection effects came about through differences in the lives Study members lived during the 25-year interval between childhood cognitive testing and adult fitness assessment, we conducted mediation analyses. For each potential mediator (physical activity, obesity, smoking, educational attainment), we tested associations between childhood IQ and the mediator; we tested associations between the mediator and adult fitness; and we tested the association between childhood IQ and adult fitness, including the mediator as a covariate. We used the system of equations described by Baron and Kenny 34 and the methods described by Preacher et al. 35, 36 to calculate total, direct, and indirect effects, and to estimate the proportion of the neuroselection effect mediated by each of the mediators.
We analyzed cardiorespiratory fitness in population-defined quartiles to facilitate comparison with the analysis conducted by Zhu and colleagues. 10 We also analyzed cardiorespiratory fitness as a continuous Z-score (transformed to have mean=0, SD=1). Fitness quartiles and Z-scores were calculated separately for men and women. We used linear regression models to analyze continuous dependent variables (e.g. cognitive test performance). We used Poisson regression models to estimate relative risks (RRs) for dichotomous dependent variables (e.g. being in the top fitness quartile). We used negative binomial regression models to estimate incident rate ratios (IRRs) for count-dependent variables (lifetime cumulative obesity).
Effect sizes for cardiorespiratory fitness are reported in terms of SD units. Effect sizes for cognitive tests are reported in IQ points (mean=100, SD=15). In analyses where childhood IQ is the predictor, effect sizes are reported for a 15-point (1 SD) change in IQ. For analyses of other study variables, effect-sizes are reported in terms of relative risks or standardized coefficients (equivalent to Pearson's r). Because the sample is a representative birth cohort, it forms its own norms for the purpose of estimating effect sizes. Regression models were adjusted for sex to account for differences in cardiorespiratory fitness. Analyses were conducted using Stata 13.0. When associations between adult cognitive test performance and cardiorespiratory fitness were adjusted for Study members' performance on the same cognitive tests when they were children, effect-sizes were reduced by as much as 90% and were no longer statistically significant ( Figure 2 , Table 3 ). This result indicates that whatever fitness differences developed during the interval between baseline cognitive testing in childhood and follow-up cognitive testing at age 38 years did not contribute to better cognitive functioning at age 38 years. Whatever cognitive advantage was associated with better adult cardiorespiratory fitness was already present since childhood. This evidence supports neuroselection, but not neuroprotection.
RESULTS
Cross sectional Association of Cardiorespiratory
What might account for this neuroselection? One hypothesis is that children's early socioeconomic status and health influence their cognitive development and, later, their cardiorespiratory fitness. In the Dunedin Cohort, children born into higher socioeconomic status households scored higher on cognitive tests in childhood and had better cardiorespiratory fitness in adulthood as compared to children born into lower socioeconomic status households (for childhood IQ, r=0.38, p<0.001; for adult cardiorespiratory fitness, r=0.10, p=0.001). Similarly, children in better physical health scored higher on cognitive tests in childhood and had better cardiorespiratory fitness twentyfive years later as compared to less healthy children (for childhood IQ, r=0.20, p<0.001; for cardiorespiratory fitness, r=0.21, p<0.001). Adjusting for these characteristics attenuated the association between childhood cognitive ability and adult cardiorespiratory fitness, but the association remained statistically significant (with adjustment for socioeconomic disadvantage, B=0.11 SE=0.04, p=0.011; with adjustment for childhood health, B=0.09 SE=0.04, p=0.014). With adjustment for childhood socioeconomic position and health together, the p-value no longer met the alpha=0.05 threshold for statistical significance (B=0.08 SE=0.04, p=0.054).
A second explanation for why children with higher IQs go on to have better cardiorespiratory fitness as adults is that they select into healthier lives. A proximate cause of cardiorespiratory fitness is physical activity. Children with higher IQ scores were less likely to be sedentary adults (Sedentary RR=0.74 [0.63-0.86], p<0.001). Among those who were non-sedentary, higher childhood IQ predicted increased adult leisure activity (r=0.09, p=0.006). In turn, as expected, a more active lifestyle was associated with better cardiorespiratory fitness (r=0.16, p<0.001). But mediation analysis indicated that adult physical activity accounted for only 16% of the association between childhood IQ and adult cardiorespiratory fitness (p-value for indirect effect=0.005). After accounting for differences in physical activity, the childhood-IQ-adult cardiorespiratory fitness association was only modestly attenuated (B=0.11 SE=0.04, p=0.006).
Physical activity during a single decade of adult life may provide an insufficient summary of healthy lifestyle processes that support the development and maintenance of cardiorespiratory fitness. We therefore considered lifetime obesity as a surrogate marker for healthy lifestyle. We analyzed a cumulative obesity measure that captured the onset and persistence of obesity across the twenty-five year interval between the completion of childhood IQ testing at age 13 years and the assessment of cardiorespiratory fitness at age 38 years. Children with higher IQ scores were less likely to become obese during follow-up (RR=0.83 [0.75-0.91], p<0.001) and they were obese at fewer assessments (IRR=0.76 [0.66-0.86], p<0.001). In turn, as expected, study members with less lifetime obesity had better cardiorespiratory fitness (each additional assessment at which a study member remained lean was associated with a 0.43 SD (SE=0.02) increase in their cardiorespiratory fitness, p<0.001. Mediation analysis indicated that 47% of the association between childhood IQ and adult cardiorespiratory fitness was accounted for by lifetime obesity (pvalue for indirect effect=0.005). After accounting for differences in obesity histories, the childhood-IQ-adult fitness association was reduced by nearly half and was no longer statistically significant (B=0.05 SE=0.03, p=0.142). Together, physical activity and obesity accounted for a total of 61% of the childhood IQ-adult fitness association.
A history of cigarette smoking and truncated education may also influence physical health. When we added measures of smoking history and educational attainment to the mediation model, the full set of mediators accounted for 74% of the childhood IQ-adult fitness association (Supplemental Table 1 ).
DISCUSSION
We analyzed data from a 4-decade longitudinal study of a birth cohort to test neuroprotective effects of fitness. More physically fit adults exhibited better cognitive performance at midlife. However, this advantage was almost completely explained by differences in cognitive function already present in childhood. We then examined how children with better cognitive function came to have better fitness twenty-five years later. Dunedin Study children with better cognitive function grew up in higher socioeconomic status households and enjoyed better health before childhood-baseline cognitive testing. These early-life differences accounted for a portion of the "neuroselection" effect. It is possible that other unmeasured characteristics of the children would further account for the better fitness we observed among children with higher IQ scores. In addition, we found that neuroselection into better adult fitness appeared to reflect differences in the lives children led between baseline IQ testing and follow-up twenty-five years later, particularly their lifetime histories of obesity.
We acknowledge limitations. First, the Dunedin cohort comes from a single nation and is predominantly white. The cohort represents the full spectrum of socioeconomic status and health, and has a track record of replication in American, British, and international cohorts. Nonetheless, replication in diverse cohorts is needed. Second, cardiorespiratory fitness was not assessed in childhood. As a result, we could not account for the possibility that poor cardiorespiratory fitness in childhood was a cause of low childhood IQ. However, to address this limitation, our analysis did take into account differences in children's blood pressure, lung function, adiposity, and their experience of childhood illnesses. Third, cognitive testing data were right censored; the most-recent follow-up was completed at age 38 years. It remains possible that cardiorespiratory fitness will have neuroprotective properties later in the life course. Fourth, we assessed cardiorespiratory fitness as heart rate response to a submaximal exercise test rather than with direct measurement of VO 2 max. 37 We note that epidemiologic studies, including the original investigation reporting possible neuroprotective effects of young adult fitness, use indirect methods to evaluate cardiorespiratory fitness. 10, 38, 39 We do not anticipate that use of directly measured VO 2 max would substantively alter results because correlations between indirect and direct measures of VO 2 max are approximately r=0.9 in studies comparing the two. 19, 40, 41 The findings have implications for research, policy, and intervention. There is now evidence from randomized trials that increasing physical activity in late life may improve cognitive function. 4, 6, 42 This evidence has spurred observational research and intervention studies to examine the possibility that active lifestyle promotion for young adults could serve as an early prevention strategy to promote healthy cognitive aging population-wide. [43] [44] [45] Physical fitness at any age has important physical health benefits. But our data suggest that, at least where young-adult fitness is concerned, protecting cognitive function through midlife is not one of them. This does not rule out the possibility that fitness interventions could improve cognitive functioning. But our data indicate that future studies examining cognitive benefits of fitness at any stage in life must take account of the neuroselection phenomenon, in which children with the best cognitive function select into lives that promote the development and maintenance of cardiorespiratory fitness. Neuroselection is an important consideration even in randomized trials, where cognitive ability may influence who enrolls, who adheres to the physical activity program, and who drops out.
At the level of policy, neuroselection findings lend additional support to efforts to promote early-childhood cognitive health as a means of improving outcomes in adulthood. 46 Reducing toxic exposures and increasing nourishing ones (both chemical and psychological) are proven means of enhancing cognitive development. [47] [48] [49] [50] [51] As our data show, the dividends of healthy cognitive development may extend to adult fitness through the fourth decade of life-a strong indicator of reduced age-related morbidity to follow.
Neuroselection findings also have implications for interventions to promote physical fitness. Obesity prevention is already a public health priority. And some progress is being made. What our study adds is insight into how current population-level prevention strategies promoting active lifestyle and healthy diet may benefit some population segments more than others. We found that children with higher IQ scores grew up to be adults who were less sedentary and less obese, and in turn, had better cardiorespiratory fitness. It is possible that individuals with strong cognitive resources are responding to public-health messages, whereas their peers with fewer cognitive resources may be struggling to take up behaviorchange recommendations. Recommendations to eat healthy and exercise are easy to understand, but require cognitive effort to implement. Moreover, eating healthy food and getting more leisure activity are not always cheap or easy. Given that unhealthy calories and sedentary lifestyle are cheap and easy, public health messaging and incentive programs to promote healthy diet and exercise should be paired with resources and services to help atrisk individuals accomplish these objectives.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Data are plotted for cardiorespiratory fitness quartiles and for categories of childhood cognitive functioning for illustrative purposes. Linear associations with continuous variables are reported in Table 2 . Table 1 Description of study measures
Measure Description Cardiorespiratory Fitness
Cardiorespiratory fitness was assessed by measuring heart rate in response to a submaximal exercise test on a friction-braked cycle ergometer. Dependent on the extent to which heart rate increased during a 2-min 50 W warm-up, the workload was adjusted to elicit a steady heart-rate in the range 130-170 beats per minute. After a further 6-min constant power output stage, the maximum heart rate was recorded and used to calculate predicted maximum oxygen uptake adjusted for body weight in milliliters per minute per kilogram (VO2max) according to standard protocols. 19 The mean (standard deviation) VO2Max was 23.72 (4.94) for women and 34.69 (6.23) for men. Sex-specific quartiles were formed based on performance at age 38 years. Quartile 1 is least fit; quartile 4 is most fit. The upper bounds of quartiles 1-3 were, respectively, 20.17, 23.64, and 26.64 for women and 30.46, 34.68, and 38.63 for men. N=107 Study members were either absent from the phase 38 assessment or did not complete fitness testing (34 declined fitness testing or were unable to complete testing due to illness, injury, disability, pregnancy, or other consideration; 27 completed assessments outside of the unit and fitness testing was not conducted). Of this group, 44 had completed cardiorespiratory fitness testing at the age-32 assessment. Based on the high rank order stability of VO2Max across assessments (Pearson's r=0.84), we imputed age-38 VO2Max for these Study members by predicting it from their age-32 measurements. The resulting analysis sample consisted of n=944 study members. Effect sizes for VO2Max are reported in terms of sex-specific standard deviation units.
Cognitive Functioning
We measured IQ from the individually administered Wechsler Intelligence Scale for Children-Revised (WISC-R; averaged across ages 7, 9, 11, and 13) 20 and the Wechsler Adult Intelligence Scale-IV (WAIS-IV), 21 both with Mean=100 and Standard Deviation=15. In addition to the WISC-R and WAIS-IV, the Rey Auditory Verbal Learning Test, 22 the Trail Making Test, 23 and the Grooved Pegboard Test were administered at ages 13 and 38 years to assess, respectively, memory, executive, and motor functioning. 22 Scores for cognitive tests were scaled to have mean=100 and standard deviation=15 to match the distribution of IQ scores. Scores for the Grooved Pegboard Test and the Trail Making Test were reversed here so that higher values corresponded to better cognitive performance.
Childhood Socioeconomic Status
The socioeconomic statuses of cohort members' families were measured using a 6-point scale that assessed parents' occupational statuses, defined based on average income and educational levels derived from the New Zealand Census. The highest occupational status of either parent was averaged across the childhood assessments. 24 
Childhood Health
We measured cohort members' childhood health from a panel of biomarkers and clinical ratings taken at assessments spanning birth to age 11 years. Motor development was assessed at ages 3, 5, 7, and 9 using the Bailey Motor Scales (age 3), 28 McCarthy Motor Scales 29 (age 5) and Basic Motor Ability Test 30 (ages 7 and 9). 31 Children's overall health at ages 3, 5, 7, 9, and 11 years was rated by two Unit staff members based on review of birth records and assessment dossiers including clinical assessments and reports of infections, diseases, injuries, hospitalizations, and other health problems collected from children's mothers during standardized interviews. Ratings were made on a five-point scale (inter-rater agreement=0.85). Body mass index was calculated from height and weight measurements taken at ages 5, 7, 9, and 11 years. In addition, tricep and subscapular skinfold thicknesses were measured at ages 7 and 9 years by trained anthropometrists. 25 (For calculation of the overall measure, tricep and subscapular skinfold thicknesses were averaged to create a single score.) Systolic and diastolic blood pressure were measured at ages 7, 9, and 11 years using a London School of Hygiene and Tropical Medicine blind mercury sphygmomanometer (Cinetronics Ltd., Mildenhall, United Kingdom). 26 Fixed expiratory volume in one second (FEV1) and the ratio of FEV1 to forced vital capacity (FVC) were measured at ages 9 and 11 using a Godart water spirometer. 27 To calculate the childhood health measure, assessments were standardized to have mean=0 SD=1 within age and sex specific groups. Cross-age scores for each measure were then computed by averaging standardized scores across measurement ages. 
Adult Leisure-time Physical Activity
We measured Study members' adulthood leisure-time physical activity level from data collected during structured interviews at age-32 and -38 assessments. Trained interviewers guided Study members through reporting the different types of physically demanding activities they engaged in during an average week and an average weekend. Study members then indicated number of minutes spent doing each activity at a moderate or more strenuous level of difficulty. Time spent on each activity was converted to metabolic equivalent (MET) units. 52 Moderate intensity activity was given a weight of 4; hard activity was given a weight of 6; and very hard activity was given a weight of 10. We summed weekday and weekend METs from moderate or more strenuous leisure activities to calculate physical activity levels at ages 32 and 38 years. METs per week were averaged across the two assessments to calculate adulthood physical activity. Physical activity was distributed as follows: 13% of the cohort (n=123) were sedentary (i.e. they engaged in 0 hours of moderate or more strenuous leisure activity per week at the age 32 and age 38 assessments); 27% (n=266) were non-sedentary, but did not achieve the 500 METs/week minimum recommended dosage of physical activity; 53 26% (n=256) achieved 500- 25 Between ages 15 and 38 years, 27% of the cohort met criteria for obesity at one or more assessments (n=276). This prevalence is in line with the general New Zealand population (in the most recent Ministry of Health report, obesity prevalence was 28% for New Zealanders 15 years of age or older). 54 We calculated the cumulative number of assessments at which a cohort member had been obese during the 25-year interval between IQ assessments, hereafter "life-course cumulative obesity."
Educational Attainment as of Age 38 Years
Education level was measured on a five-point scale relevant to the New Zealand educational system: 1 = no secondary school qualifications (14.7%), 2 = school certificate (14.9%), 3 = high school graduate or equivalent (14.2%), 4 = postsecondary diploma or certificate (27.3%), 5 = bachelor's degree or higher (28.8%). 33 
Cigarette Smoking
We measured smoking history as "pack-years," the number of cigarettes smoked per day divided by 20 and multiplied by the number of years smoked at that rate through 38 years of age. 32 Belsky et al. Page 16 Table 2 Tests of Association Between Physical Fitness and Cognitive Function. Association of cardiorespiratory fitness with midlife cognitive test performance, before and after adjustment for childhood baseline performance on the same cognitive test. The table presents linear associations between continuously distributed fitness and cognitive function (left side) and also, for illustrative purposes, comparisons of cognitive function in the top and bottom fitness quartiles (right side). 
